Targeted mutagenesis in mice demonstrates that the POUdomain gene Brn4/Pou3f4 plays a crucial role in the patterning of the mesenchymal compartment of the inner ear. Brn4 is expressed extensively throughout the condensing mesenchyme of the developing inner ear. Mutant animals displayed behavioral anomalies that resulted from functional deficits in both the auditory and vestibular systems, including vertical head bobbing, changes in gait, and hearing loss. Anatomical analyses of the temporal bone, which is derived in part from the otic mesenchyme, demonstrated several dysplastic features in the mutant animals, including enlargement of the internal auditory meatus. Many phenotypic features of the mutant animals resulted from the reduction or thinning of the bony compartment of the inner ear. Histological analyses demonstrated a hypoplasia of those regions of the cochlea derived from otic mesenchyme, including the spiral limbus, the scala tympani, and strial fibrocytes. Interestingly, we observed a reduction in the coiling of the cochlea, which suggests that Brn-4 plays a role in the epithelial-mesenchymal communication necessary for the cochlear anlage to develop correctly. Finally, the stapes demonstrated several malformations, including changes in the size and morphology of its footplate. Because the stapes anlage does not express the Brn4 gene, stapes malformations suggest that the Brn4 gene also plays a role in mesenchymalmesenchymal signaling. On the basis of these data, we suggest that Brn-4 enhances the survival of mesodermal cells during the mesenchymal remodeling that forms the mature bony labyrinth and regulates inductive signaling mechanisms in the otic mesenchyme.
Targeted mutagenesis in mice demonstrates that the POUdomain gene Brn4/Pou3f4 plays a crucial role in the patterning of the mesenchymal compartment of the inner ear. Brn4 is expressed extensively throughout the condensing mesenchyme of the developing inner ear. Mutant animals displayed behavioral anomalies that resulted from functional deficits in both the auditory and vestibular systems, including vertical head bobbing, changes in gait, and hearing loss. Anatomical analyses of the temporal bone, which is derived in part from the otic mesenchyme, demonstrated several dysplastic features in the mutant animals, including enlargement of the internal auditory meatus. Many phenotypic features of the mutant animals resulted from the reduction or thinning of the bony compartment of the inner ear. Histological analyses demonstrated a hypoplasia of those regions of the cochlea derived from otic mesenchyme, including the spiral limbus, the scala tympani, and strial fibrocytes. Interestingly, we observed a reduction in the coiling of the cochlea, which suggests that Brn-4 plays a role in the epithelial-mesenchymal communication necessary for the cochlear anlage to develop correctly. Finally, the stapes demonstrated several malformations, including changes in the size and morphology of its footplate. Because the stapes anlage does not express the Brn4 gene, stapes malformations suggest that the Brn4 gene also plays a role in mesenchymalmesenchymal signaling. On the basis of these data, we suggest that Brn-4 enhances the survival of mesodermal cells during the mesenchymal remodeling that forms the mature bony labyrinth and regulates inductive signaling mechanisms in the otic mesenchyme.
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Inner ear development requires a complex series of morphogenetic changes that result from the interaction of ectodermal epithelia and mesenchyme (Deol, 1966; Langman, 1982; Frenz and Van de Water, 1991) . In vertebrates, the development of the inner ear is initiated by the invagination of somatic ectoderm that lies lateral to the hindbrain to form the otic vesicle (for review, see Lewis et al., 1985; Peck, 1994) . From the simple spherical structure of the otic vesicle, a number of complex morphological changes occur as a result of reciprocal interactions between the ectodermally derived otic vesicle and the surrounding mesenchyme (Noden and Van de Water, 1986; Fekete, 1996) . The molecular mechanisms that regulate this series of inductive interactions remain to be f ully characterized. However, genetic and reverse genetic approaches are providing insights into the regulation of inner ear development (for review, see Noden and Van de Water, 1992; Steel and Brown, 1994; Smith, 1995) .
The reverse genetic approach to the characterization of candidate regulatory genes is illustrated by the isolation and characterization of the POU-domain gene family, many members of which are expressed during inner ear development (for review, see Ryan and Rosenfeld, 1997) . POU-domain genes encode transcription factors that regulate a number of developmental processes. Sequence-specific DNA binding of POU-domain genes is mediated by a bipartite motif, which consists of a POU homeodomain and POU-specific domain. The POU homeodomain is a 60 amino acid segment with similarity to the classic homeodomain transcription factors. The POU-specific domain is an additional ϳ75 amino acid motif that cooperates with the POU homeodomain to enhance the binding affinity and specificity of DNA binding (for review, see Herr and Cleary, 1995; Ryan and Rosenfeld, 1997) . These transcription factors display a broad domain of expression during embryogenesis (He et al., 1989; Ryan and Rosenfeld, 1997) . Genetic analyses have demonstrated that these factors play crucial developmental roles in a number of organ systems, including the inner ear (de Kok et al., 1995b; Erkman et al., 1996; Xiang et al., 1996 Xiang et al., , 1997 .
For example, de Kok et al. (1995b) have shown that mutations in the human Brain-4 (Brn4 ) ortholog POU3F4 produce mixed conductive and sensorineural deafness associated with perilymphatic gusher during stapes surgery (DFN3; McKusick catalog #304400). High-resolution computed tomography has shown that these patients also displayed multiple defects of the bony labyrinth. These defects were classified as pseudo-Mondini stage II dysplasias and were characterized by several features, including (1) partial hypoplasia of the cochlea, (2) stapes fixation, and (3) a dilated internal auditory meatus associated with an abnormal communication with the base of the cochlear duct. The defects that occur in DFN3 patients have been hypothesized to result from abnormal otic capsule formation between 25 and 47 d of gestation (Piussan et al., 1995) . This corresponds approximately to 10.0 -13.5 d postcoitus (dpc) of mouse development (Theiler, 1989) and corresponds precisely with the period of development in which the mouse Brn4 gene is expressed in the developing otic capsule (Phippard et al., 1998) . Further molecular analyses are necessary to determine the role of the Brn4 gene during normal development.
To assess the embryological consequences of Brn4/Pou3f4 mutations, we have generated a mutant mouse pedigree containing a null mutation of the Brn4 gene, using homologous recombination in embryonic stem (ES) cells. Previous analyses from our laboratory have demonstrated that the Brn4 gene is initially expressed in the otic capsule at 10.5 dpc, when the capsule initiates the mesenchymal condensation that gives rise to the temporal bone (Phippard et al., 1998) . As the otic mesenchyme condenses around the otic vesicle, Brn4 is expressed throughout the otic capsule. Characterization of Brn4 null mouse mutants demonstrates that this gene plays a crucial role in the morphogenesis of the mesenchymal component of the developing inner ear.
MATERIALS AND METHODS
Gene targeting of the Brn4 gene. Genomic sequences for the Brn4/Pou3f4 gene were isolated from a FI X II library derived from 129/SvJ genomic DNA (Stratagene, La Jolla, CA). The 5Ј homologous sequences were derived from the XbaI (Ϫ3.2 kb) to the BamHI site that lies 14 bp 5Ј of the initiator methionine codon. The lacZ gene from pCH110 was introduced into the knock-out locus such that it would be expressed from the endogenous Brn4 promoter. The PGK-neo gene was isolated from pTK ABЈ (a gift of J. Bermingham), and the 3Ј homologous sequences were derived from a 6.7 kb SpeI site that lies 3Ј of the Brn4-coding sequences. The PGK-TK gene from pGEM7(TK)SalI was introduced into the targeting vector to enable counterselection (a gift of M. A. Rudnicki). As indicated in Figure 1 , this gene-targeting vector removed the coding sequence of the Brn4 gene after integration. The targeting construct was linearized by restriction digestion with NotI, and 25-40 g of linearized vector was transfected into 10 7 R1 ES cells by electroporation according to published protocols (Joyner, 1993) . Transfected colonies were isolated after selection with 280 g /ml (active) G418 (Life Technologies, Gaithersburg, MD) and 1 M gancyclovir (C ytovene). Genomic DNA from individual clones was isolated, digested with PstI, electrophoresed on a 0.7% agarose gel, transferred to Hybond N ϩ (Amersham, Arlington Heights, IL), and hybridized with a randomlabeled 450 bp PstI/XbaI fragment that lies just 5Ј of the gene-targeting vector (see Fig. 1 ). Positive clones were expanded and analyzed by Southern blot analysis using the lacZ gene, the Brn4-coding sequences, and a probe that lies within the Brn4 gene 3Ј of those sequences included in the targeting vector. A positive clone (2G-13) was injected into C57BL /6J blastocysts, according to published protocols (Joyner, 1993) . The contribution of the ES cells to the resulting chimeric animals was determined by estimating the proportion of agouti coat color. Chimeric animals that were estimated to be Ͼ90% derived from ES cells were mated to C57BL /6J or CD-1 females. Because the Brn4 gene is X-linked, the null allele was transmitted to all of the female progeny that were derived from the ES cells. These heterozygous females were detected by Southern blot analyses, using the same protocol described above for the analysis of ES cell clones. Hemizygous null male animals were generated by mating of the heterozygous females to C57BL /6J males.
Embr yonic tissue anal yses. For analysis of lacZ expression, embryos were isolated from timed matings of hemizygous males that were null for the X-linked Brn4 allele. The morning that vaginal plugs were detected was designated 0.5 dpc. Verification of transgenic animals was performed by dot blot or PCR analyses of yolk sac DNA with lacZ-specific probes or oligonucleotides. PCR analyses to detect the lacZ gene were performed essentially as described (Hogan et al., 1994) , using the sense strand oligonucleotide CGCCGAAATCCCGAATC TC TA and the antisense oligonucleotide TCACCGCCGTAAGCCGACCAC. PCR was run for 30 cycles with a temperature profile as follows: 94°C for 30 sec, 65°C for 40 sec, and 72°C for 45 sec.
For the whole-mount preparation, the embryos were fixed in PBS containing 2% paraformaldehyde, 0.2% glutaraldehyde, 0.02% N P-40, and 0.01% sodium deoxycholate on ice for a period of time that depended on gestational age; 8.5 and 9.5 dpc embryos were fixed for 1 hr, 10.5 and 11.5 dpc embryos were fixed for 1.5 hr, and 12.5 dpc and older embryos were fixed for 2 hr. After fixation, embryos were washed three times in PBS. Whole-mount preparations were then stained for 8 hr to overnight at 33°C in 1 mg /ml 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-gal), 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mM MgC l 2 , 0.02% N P-40, and 0.01% sodium deoxycholate in PBS. Nontransgenic embryos control for background staining. After staining, the embryos were washed three times in PBS and postfixed overnight in 4% paraformaldehyde in PBS at 4°C. Vibratome sections (150 m) of whole-mount preparations were generated to examine the fine structure of the embryonic expression patterns. Embryos were photographed on a Leica MZ8 dissecting microscope (Nussloch, Germany) using Ektachrome 160T slide film. Images were then captured using an L S-1000 slide scanner (Nikon), and figures were constructed using Photoshop (Adobe Systems).
Adult tissue anal yses. Temporal bone preparations were obtained by bisecting the head and dissecting away most soft tissue. Skulls were boiled in distilled water for 2-3 hr until the skull sutures were loosened enough to allow easy excision of the temporal bone. Temporal bones were then stained with 0.0015% alizarin red in 1% KOH for 48 hr (Peters, 1977) .
Histological analysis of the cochlea began by perf using the cochlea through the aorta or via the oval window. Mice (6 -8 weeks of age) were anesthetized (Metofane) and sacrificed by cervical dislocation. The temporal bones were dissected from the rest of the calvarium, and the adherent tissues were removed. The bulla wall was punctured in the The entire intronless coding region (box labeled Brn4) and a small region of 3Ј-flanking sequences have been replaced by the lacZ reporter gene and the PGK-neo gene. The lacZ-coding sequences have been introduced into the Brn4 locus such that the Brn4 promoter drives the transcription of the reporter gene from the mutated allele. Homologous recombination was detected with the 5Ј P/ X probe that detects the conversion of a 4.6 kb PstI fragment to 8.0 kb. P, PstI; S, SalI; X, XbaI. B, Southern blot analysis of the genetic transmission of the X-linked locus. Analysis of progeny from the founder chimeric male animals indicated that the mutated allele is transmitted to only the female progeny in generation 2. Genomic DNA was digested with PstI and probed with the 5Ј P/ X probe. F, Females; M, males.
inferioposterior quadrant below the tympanic membrane and then f urther resected to expose the ossicles and oval window. In several cases, the ossicles were dissected free from the temporal bone, stained with alizarin red, as described above, and analyzed for malformations. Removal of an intact stapes required that the stapedial artery and stapedius muscle be severed with the tip of a 26 ga hypodermic needle. The head of the stapes was then disarticulated from the long arm (crus) of the incus. The round window was then punctured with the tip of the hypodermic needle, and the cochlea was perf used through the oval window with 4% paraformaldehyde in PBS. Fixation was continued overnight in 4% paraformaldehyde in PBS, followed by 4 -5 d in C al-EX II decalcif ying solution (Fisher Scientific, Houston, TX). Decalcified temporal bones were imbedded in paraffin, sectioned (7 m), and stained with hematoxylin and eosin.
To generate whole-mount cleared preparations of the cochlea, we perf used the temporal bones through the oval window and fixed the bones overnight in 4% paraformaldehyde in PBS, as described above. The temporal bones were bleached for 30 min in 6% hydrogen peroxide. A solution of 10% latex paint (Dutch Boy; white multipurpose primer sealer) in PBS was perf used into the cochlea through the oval window. Preparations were then dehydrated through a graded series of ethanols and cleared in methyl salicylate. Alternatively, the paint was applied after the temporal bones were cleared in methyl salicylate. In this case, a 10% solution of enamel paint (Duron; semigloss interior alkyd) in methyl salicylate was perf used into the cochlea through the oval window, such that the paint fills the perilymphatic space that normally surrounds the membranous labyrinth.
Preyer's refle x measurements. Auditory f unction was assessed in mutant mice or their wild-type control siblings by ascertaining the pinna (Preyer's) reflex threshold. Mice (6 weeks of age) were placed in a glass chamber and stimulated with a burst of high-frequency noise. Each burst was 50 msec in duration with a 5 msec rise and decay time. The burst consisted of a narrow-band noise whose half-power points were between 10.0 and 18.5 kHz. The signal on the high-and low-frequency side of these band limits declined at a rate of 48 dB/octave. The intensity of the noise burst was controlled by an attenuator. This band of noise overlapped with the optimal hearing range of the mouse (Fay, 1988) . The noise bursts were delivered via a high-frequency tweeter and were initiated by the observer via a switch closure. The stimulus was calibrated at the bottom of the chamber using a 12.5 mm condenser microphone, and the sound pressure level (SPL) was expressed as decibels relative to 20 Pa. The occurrence of a Preyer's reflex was determined by an observer who did not know the genotype of the mouse. A modified method of limits was used to measure the reflex threshold. Starting at a level of 90 dB SPL, a noise burst was presented. If a pinna or startle reflex was identified, the stimulus was attenuated 10 dB, and another burst was presented. This approach continued until no reflex could be identified. The stimulus level was then raised 5 dB, and a final trial was run. The threshold was defined as that SPL value half way between the noise burst levels that could or could not elicit a reflex, and the error is given as an SD. If there was uncertainty in the threshold, the process was repeated. C are was taken to vary the interval between burst presentations (5-20 sec) to avoid habituation. This assessment of the reflex threshold provided us with an estimate of the animals' hearing ability in the noiseband frequency range.
RESULTS

Gene targeting of the Brn4/Pou3f4 locus
The role of the Brn4/Pou3f4 gene during embryogenesis was investigated by generating a mutant mouse pedigree with a targeted deletion of this gene. As illustrated in Figure 1 A, the entire coding sequence of the Brn4 gene was removed via homologous recombination in ES cells. Because the Brn4 gene is X-linked, a single targeted allele of the Brn4 gene was observed in the male R1 ES cell line (data not shown). Of 535 ES cell clones that were isolated after selection in G418 and gancyclovir, only one had undergone the appropriate targeting event. This ES cell clone was introduced into C57BL /6J blastocysts, and chimeras with high levels of contribution from the mutant ES cells were obtained. Germline transmission of the X-linked null allele resulted in the generation of heterozygous female animals ( Fig. 1 B) . Hemizygous null male animals were then generated by mating the heterozygous female mice to C57BL/6J male animals ( Fig. 1 B) .
Expression of a lacZ reporter gene introduced into the mutant Brn4 allele
The targeted insertional mutation was designed so that the Brn4-coding sequences were replaced by the lacZ reporter gene. This experimental approach allowed us to follow the expression pattern of the mutant allele in both heterozygous female and hemizygous null male animals. Our analyses indicated that the transcriptional regulation of the mutant allele corresponded precisely with the expression domain of the endogenous Brn4 gene. To illustrate the expression domain of the Brn4 gene, Figure 2 depicts preparations of embryos containing a mutant Brn4 knockout allele that have been stained for lacZ expression.
At 9.5 dpc, the inner ear is just beginning to form as a hollow sphere of epithelial tissue, referred to as the otic vesicle (Fig. 2 B,  black arrow) . The Brn4 gene is not yet expressed in the developing inner ear but is broadly expressed throughout most of the neural tube (Fig. 2 A, B) . Initial activation of Brn4 gene expression Figure 2 . LacZ expression in mutant animals. Mutant embryos were stained with X-gal to visualize the expression of the lacZ gene, which was inserted into the Brn4 locus during the generation of the knock-out allele. Unless specified otherwise the embryos are oriented with rostral to the right and dorsal toward the top. A, The whole-mount preparation of a chimeric founder animal that corresponds to an 11.5 dpc embryo (chimeric embryos are developmentally delayed for ϳ1 day because of experimental manipulation of the blastocysts). The expression of lacZ recapitulates precisely the pattern of endogenous Brn4 gene expression detected by hybridization histochemical analyses (Le Moine and Young, 1992; Mathis et al., 1992; Alvarez-Bolado et al., 1995; Phippard et al., 1998 ). E xpression is found throughout most of the neuraxis and in a handful of mesodermally derived tissues in the head, including the otic capsule (white arrow), a small population of first branchial arch mesenchyme (black arrow), and the lateral nasal recess (black arrowhead). B, A parasagittal vibratome section (150 m) through the otic vesicle of a 9.5 dpc embryo. E xpression of lacZ is not detected in the mesenchyme surrounding the otic vesicle (black arrow), which lies dorsal to the branchial arches. However, expression is detected in the hindbrain of these embryos. C, A parasagittal vibratome section through the otic vesicle of a 10.5 dpc embryo. E xpression of lacZ is detected in the condensing mesenchyme of the otic vesicle (black arrow), which lies ventral to the otic vesicle at this stage of embryogenesis. In this panel, the black arrow indicates the dorsal -ventral axis, with dorsal corresponding to the upper right-hand corner of the panel. D, E xpression patterns of lacZ in a parasagittal section of a 14.5 dpc embryo. At this stage of development, lacZ expression is detected throughout the otic capsule but not in the otic epithelium (some regions of the otic epithelium appear blue, because they are covered with lacZ staining the otic capsule in these thick vibratome sections). BA, Branchial arches; HB, hindbrain; OV, otic vesicle.
in the inner ear is detected at 10.5 dpc in the condensing mesenchyme of the otic capsule (Fig. 2C ). Molecular signals from the otic vesicle induce surrounding mesenchyme to aggregate or condense to form the otic capsule (McPhee and . The otic capsule represents the first stages in the formation of the temporal bone and will eventually give rise to the ossified and cartilaginous structures of the inner ear. These ossified and cartilaginous structures eventually encase the sensory and epithelial components of the inner ear, which are referred to as the membranous labyrinth. As the otic capsule develops, the mesenchyme surrounding the otic vesicle becomes progressively condensed and ultimately completely encapsulates the epithelial components of the developing inner ear. By 12.5 dpc, the Brn4 gene is expressed throughout the otic capsule, and this expression pattern is consistent with a role for Brn-4 in the regulation of inner ear formation.
Behavioral characteristics of the mutant mice
Animals with null mutations in the Brn4 locus demonstrated four behavioral phenotypes: (1) vertical head bobbing, (2) changes in gait, (3) reduced whisker mobility, and (4) hearing loss. Each of these phenotypes is consistent with malformations of structures that express the Brn4 gene, namely, the inner ear, the whisker follicles, and the neural tube (Phippard et al., 1998 ) (A. Heydemann and E. B. Crenshaw III, unpublished observations). The degree of vertical head bobbing is variable but was detected in the vast majority of the null mutants. The reduction in whisker mobility was observed as the mice probed their environment. In normal mice, the whiskers were moved in a sweeping motion when the animals explored their environment. In the mutant mice, the whiskers, which were reduced in size, did not demonstrate the typical sweeping motion and seldom moved.
As illustrated in Figure 3 , we detected a hearing loss in the null Brn4 mutants, which was determined by an analysis of the auditory startle (Preyer's) reflex. The mean SPL that elicited the threshold level of a Preyer's reflex in wild-type littermates was 62 Ϯ 3.1 dB SPL (n ϭ 12). The mutant animals, however, elicited a reflex threshold at 71 Ϯ 3.6 dB SPL (n ϭ 12). A one-tailed Student's t test for independent groups demonstrated that these data were highly significant ( p Ͻ 0.00001). The Preyer's reflex estimate of hearing provides us with only a crude assessment of auditory sensitivity. Preyer's reflex thresholds tend to be insensitive relative to other threshold estimates (e.g., operant conditioning techniques), and the broad-based stimulus used provides us with limited information on threshold loss at different frequencies. Nevertheless, the reflex assessments of hearing were completely reliable over numerous replications with the same animal, from animal to animal, and from observer to observer. From the observations summarized in Figure 3 , we have concluded that hearing loss was f ully penetrant in the mutant animals.
Malformation of the stapes in the mutant mice
One of the major malformations contributing to hearing loss in human patients with mutations in the human Brn4 ortholog is stapes fixation. This is a condition resulting in reduced stapes movements in the oval window, which compromises sound conduction through the middle ear ossicular system. For this reason, we examined, in detail, the stapes of Brn4 null mice. Figure 4 illustrates that the most profound malformations in the mutant stapes occur in the footplate region. The stapes normally conducts vibrational energy to the oval window and, subsequently, produces sound pressure waves in the cochlea that lead to hair cell transduction. The stapes footplate lies in the oval window, and the morphology and area of the footplate affect the efficiency with which sound energy is transmitted into the cochlear fluids. The normal footplate displays a convex surface (Fig. 4 A, C) , whereas the surface of the mutant is flattened (Fig. 4 B, D) . When the sole of the normal stapes footplate is examined, it displays a rounded, but slightly eccentric, ovoid morphology (Fig. 4 E) . The mutant footplate, however, typically displays a more polygonal morphology, with a marked narrowing on one end (Fig. 4 F) . Additionally, the stapes from the mutant animals are generally thinner than are those of the normal stapes (data not shown). The other ossicular bones, the incus and malleus, appeared normal in the mutant animals (data not shown).
Malformations of the cochlea in the mutant mice
Histological analyses demonstrated that adult cochleae from the Brn4 mutant mice had several dysplastic features (Fig. 5) . Midmodiolar sections demonstrated the overall hypoplasia of the cochlea (Fig. 5 A, B) . This hypoplasia was most obvious in the basal turn and primarily resulted from a change in the scala tympani. The scala tympani of normal mice, which lies inferior to the organ of Corti, is ovoid in the basal turn of the cochlea (Fig.  5C ). However, in the mutant cochlea, the scala tympani adopts a more flattened elliptical shape with an apparent reduction in volume (Fig. 5D ). Figure 5 depicts the typical reduction in size of the scala tympani and scala vestibuli in the mutant animals, but a few animals display a severe phenotype in which the scala tympani cross section is reduced by approximately one-half to onethird (data not shown). An additional component of the cochlear hypoplasia results from a reduction in the coiling, or number of turns, of the cochlea. This hypoplastic phenotype is demonstrated Wild-type animals, 62 Ϯ 3.1 dB SPL (n ϭ 12). Brn4 null mutants, 71 Ϯ 3.6 dB SPL (n ϭ 12). Error bars represent SD. The Preyer's reflex threshold is measured in decibels SPL relative to a standard of 20 Pa. One-tailed Student's t test, p Ͻ 0.00001. If female animals are excluded from the comparison, then the wild-type male animals demonstrate a threshold of 62 Ϯ 3.3 dB SPL (n ϭ 9). Furthermore, there is no statistically significant difference in the threshold between male and female animals, whether they are mutant or wild type (data not shown).
both in midmodiolar sections of the cochlea (Fig. 5 ) and in cleared temporal bone preparations (Fig. 6) . Midmodiolar sections of normal cochleae typically reveal cross sections through the organ of Corti at three different levels with an additional cross section near the apical end of this structure, the helicotrema (Fig.  5A, arrow) . Midmodiolar sections of the mutant cochlea reveal a fewer number of cochlear turns (Fig. 5B) . The reduction in cochlear coiling was most evident in cleared temporal bone preparations, which provide direct visualization of the cochlear morphology in whole mount (Fig. 6) . The normal mouse cochlea consists of one and three-fourth turns, as shown in Figure 6 A (Sher, 1971) . Approximately 60% of the mutant cochleae show a reduction in the number of turns to one and one-half turns (Fig.  6 B) . However, ϳ1/4th of the cochlea demonstrated even fewer turns, with the least amount of coiling being a three-fourth turn (ϳ15% of the cochleae examined). Only 1/10th of the mutant cochleae examined demonstrated the normal one and threefourth turns. Even when comparing the left and right bony labyrinths from the same animal, we observed variability in the number of turns (Fig. 6 B, C) . Heterozygous female animals contained the normal one and three-fourth turns and were indistinguishable from wild-type animals.
Histological analyses of the organ of Corti did not demonstrate gross abnormalities in the number or morphology of sensory hair cells (data not shown). However, a supporting structure for the organ of Corti, the spiral limbus, does show a reduction in size (Fig.  7 A, B) . To quantitate this reduction, we have measured the height of the spiral limbus in the basal turn of the cochlea. The mean spiral limbus height in the wild-type animals was 91 m with an SD of 11 m (n ϭ 10); in null male hemizygotes, the height was 75 Ϯ 12 m (n ϭ 6). An additional phenotype in the cochlea of Brn4 mutant animals included the fibrocytes of the spiral ligament, which appear thinner and less adherent to one another than do those in the wild-type mouse (Fig. 7C,D) . This results in acellular 
( A). C, D,
A lateral view of the stapes demonstrates that the crus from which the stapedial ligament is attached is thinner in the mutant animals ( D) than in the wild-type animals ( C). E, F, E xamination of the sole of the stapes footplate illustrates the slightly eccentric ovoid shape of the wild-type footplate ( E). The mutant footplate adopts a more polygonal shape with an acutely angled tip on one end of the footplate (arrow in F ). Stapes (n ϭ 10) isolated from six mutant male animals were examined. Wild-type stapes (n ϭ 15) were examined from eight male animals, including six wild-type littermates, two males from the inbred strain 129/SvJ, and two CBA /2J male animals. spaces within the region where the fibrocytes normally underlie the stria vascularis. Reissner's membrane often appears to be less tightly adherent to the fibrocytes in the mutant than in the wildtype mouse. These fibrocytes provide structural support for the stria vascularis, which regulates the ionic composition of the endolymph that bathes the organ of Corti. This malformation could compromise the function of the stria vascularis, leading to increased pressure or hydrops in the inner ear. In fact, all of the mutant animals examined (n ϭ 12) appear to have hydrops, which is diagnosed by a distension of Reissner's membrane (Fig. 5D) .
Additional features of the mutant phenotype sometimes include an incomplete fasciculation of the vestibuloacoustic nerve, as it enters the basal turn of the cochlea (data not shown). The apparent loss of cohesiveness of this nerve may be caused by the increased size of the internal auditory meatus, which conveys the nerve through the temporal bone.
Malformations of the temporal bone in Brn4 null mutants
Because Brn4 is highly expressed throughout the anlage of the temporal bone, we examined the morphology of this bone in adult mutant animals (Fig. 8) . The major external malformations that occur in the temporal bone result from enlargement of the internal auditory meatus. In rodents, this meatus consists of three Cleared temporal bone preparations demonstrate cochlear hypoplasia. Temporal bone preparations were perf used through the oval window with white paint to visualize cochlear morphology. Cochleae are oriented such that the apical turn is at the top of the photograph, as indicated by the arrow in B. A, A cochlea from a wild-type animal with one and three-fourth turns is shown. B, C, Mutant cochlea displayed a reduced number of turns, which could vary between less than one complete turn to one and one-half turns. Additionally, the amount of coiling can differ between left and right cochlea of the same mutant animal. For example, C demonstrates the right cochlea of a homozygous knock-out female animal, which has less than one coil. By contrast, B demonstrates the left cochlea of the same animal, which has one and one-half turns.
foramina through which the auditory (V III) nerve and facial (VII) nerve are conveyed through the temporal bone to the brainstem (Curthoys, 1981) . The largest of these cavities contains the type I and II auditory nerve fibers, which originate at the auditory hair cells, have their cell bodies in the spiral ganglion, and have nerve fibers that project from the cochlea through the central axis or modiolus. The two smaller foramina convey the motor fibers of the facial (V II) nerve through the temporal bone and allow the vestibular component of the V III nerve to communicate with the vestibular nuclei. All three foramina are enlarged in the mutant animals (Fig. 8) .
We have observed additional malformations of the temporal bone, which include (1) thinning of the lateral wall of the subarcuate fossa, which houses the lateral aspect of the cerebellum (data not shown), (2) thinning of the bone encompassing the superior semicircular canal (Fig. 8 A, B) , and (3) reduction in the size of the rostromedial ridge of the temporal bone (Fig. 8 A, B) . In each of these cases, the malformations appear to result from a reduction in the thickness of the bone. This observation is consistent with the hypothesis that the Brn4 gene may be necessary for the survival of mesenchymal cells during the extensive mesenchymal remodeling that occurs during development of the otic capsule (Phippard et al., 1998) .
Malformations of the superior semicircular canals are observed in Brn4 null animals
Because the vertical head-bobbing phenotype in the mutant mice implies that the vestibular system is not functioning properly, we have examined the anatomy of the vestibular apparatus in greater detail. We consistently observed a constriction in the bony labyrinth encompassing the superior semicircular canals in the Brn4 null mice, which is ϳ40% of the size of the wild-type superior semicircular canals (Fig. 9) . Therefore, both the thickness of the bone encompassing the superior semicircular canal and the perilymphatic space encompassing the canal are reduced in size Figure 8 . Malformations of the temporal bone in Brn4 null mice. Analysis of whole-mount preparations of adult temporal bone demonstrates dysplasia of the three foramina of the internal auditory meatus. A, C, E, A wild-type temporal bone is depicted. B, D, F, A mutant temporal bone is depicted. A, B, A medial view of the temporal bone demonstrates that the bony tissue appears thinner in the mutant ( B) than in the wild type ( A). The bone encompassing the superior semicircular canal is thinner in the mutant than in the wild-type animal (arrow), and the rostromedial ridge of the temporal bone is thinner in the mutant (arrowhead). C, D, The cochlear foramen of the internal auditory meatus (IAM) is enlarged in the mutant ( D) animal when compared with that in the wild-type animal. E, F, The second and third foramen of the mutant IAM ( F) appear to be fused (arrow) when compared with that in the wild type ( E). Scale bars: A, B, 1 mm; C-F, 0.5 mm. Figure 9 . Constriction of the superior semicircular canal in Brn4 null mice. Temporal bone preparations were filled with latex paint and cleared in methyl salicylate to examine the structure of the bony labyrinth. A, Medial view of the left superior semicircular canal of a heterozygous female animal. The specimen is oriented with anterior to the right and dorsal toward the top of the photograph. B, The left superior semicircular canal of a homozygous female knock-out animal. The arrow indicates the typical constriction in the most dorsal extent of the superior semicircular canal. The narrowest constriction points of the mutant canals are ϳ2.5 times smaller than are those of the wild-type mice. Scale bar, 300 m. (Figs. 8 A, B, 9) . The orientation of the superior semicircular canal within the cranium is approximately parallel with the major body axis, and therefore, a dysf unctional superior semicircular canal would most easily explain the vertical nature of the head-bobbing phenotype. We have not observed malformations in the posterior semicircular canals in the Brn4 null mutants. However, the lateral semicircular canal shows a constriction or dysplastic phenotype in 4 of the 15 animals examined. Because the Brn4 gene is expressed throughout the otic capsule during development, it is not clear why any of the canals should be differentially sensitive to the loss of Brn4 gene f unction. In heterozygous female animals, the superior semicircular canals were identical in size to that in wildtype animals (data not shown). These data indicate that a constriction of the semicircular canal results in compromised vestibular f unction in the mutant animals. Furthermore, the correlation of the orientation plane of the superior semicircular and the vertical motion of the head-bobbing phenotype suggests that the dysplastic superior canal is the major dysf unctional component of the vestibular apparatus in the Brn4 null animals.
DISCUSSION
Mice lacking the POU-domain transcription factor Brn-4 showed several malformations in the development of the inner ear. Many of these malformations are detected in inner ear structures derived from mesenchymal origins, which express the Brn4 gene. These malformations included structures, such as the scala tympani and the internal auditory meatus, that are derived from the otic capsule. Malformations in the mutant animals resulted in functional deficits in the adult mutant animals, including hearing loss and head bobbing. These mutant phenotypes suggest that Brn4 is crucial for the proper morphogenesis of both the auditory and vestibular systems of the inner ear.
The widespread distribution of defects in the inner ear correlated with the expression of Brn-4 throughout most of otic mesenchyme during development (Phippard et al., 1998) . Brn4 gene expression was activated simultaneously with the initial mesenchymal condensation events that formed the otic capsule, suggesting the Brn4 gene is induced by the same factors that regulate otic capsule formation. Later in embryogenesis, Brn4 gene expression is found throughout the otic capsule. Many of the defects found in the mutant mice are a result of reduced bone formation, including enlarged foramina of the internal auditory meatus and thinning of bone in the subarcuate fossa. These observations suggest that the Brn4 gene is required for the proliferation or differentiation of temporal bone tissue. This conclusion is consistent with the role that has been demonstrated for another member of the POUdomain gene family, P it1, which plays a crucial role in the regulation of proliferation and differentiation of the anterior pituitary gland (Li et al., 1990; Lin et al., 1992) .
Not all of the malformations in the mutant animals were restricted exclusively to defects in otic mesenchyme. For example, the reduction in the number of turns of the cochlea suggests that dysplastic changes in the morphogenetic movements of the otic epithelia occur. Figure 10 A-C illustrates the morphogenetic movements of the otic epithelia that are required to generate cochlear coiling. Formation of the cochlea is initiated as a tubular outgrowth of the pars inferior of the otic epithelium. This outgrowth forms the cochlear duct that coils-within the surrounding otic mesenchyme -to give the overall "snail-shaped" appearance of the cochlea. In the Brn4 mutant mice, none of the cochleae that we examined had attained the correct number of turns, and some of the mutants demonstrated a severe reduction in cochlear coiling (Fig. 6C) . Because we have not detected the expression of Brn4 in the otic epithelium, it seems likely that the coiling defect occurs because of phenotypic changes within the otic mesenchyme itself. These phenotypic changes could result from the disruption of cell signaling between the mesenchyme and epithelium. Alternatively, defective remodeling of the mesenchyme could impede the coiling of the cochlear duct by preventing the outgrowth of the tubular duct process. The absence of Brn-4 may be interfering with the signals required for epithelialmesenchymal interaction such that the mesenchyme is not remodeled and the extension of the cochlear duct is physically blocked.
Malformations in structures that result from mesenchymal remodeling of the otic capsule constitute the major class of abnormalities observed in Brn4 null animals. For example, remodeling of the otic mesenchyme surrounding the cochlear duct is necessary to generate two acellular fluid-filled chambers in the adult cochlea, the scala vestibuli and the scala tympani (Fig. 10 D-F) . These chambers, which are malformed in the mutant animals, are generated by cavitation or vacuolization of the otic mesenchyme (Langman, 1982) . We suggest that the appropriate regulation of the Brn-4 factor within the otic mesenchyme is necessary for the mesenchymal remodeling that leads to the formation of the scala vestibuli and the scala tympani. This hypothesis is further supported by the observation that Brn-4 subcellular localization is regulated in regions of the otic capsule that undergo mesenchymal remodeling during embryogenesis (Phippard et al., 1998) . In regions of the otic capsule that will form bone in the adult, the Brn-4 transcription factor retains a nuclear subcellular localization. However, in regions of the otic capsule that will be eliminated to form acellular caverns within the temporal bone, Brn-4 shifts from a nuclear to a perinuclear/cytoplasmic subcellular localization, suggesting that the ability of this transcription factor to function is downregulated in these regions. This shift in subcellular localization occurs in the foramen of the internal auditory meatus and the perilymphatic compartments of the cochlea. Most regions of the inner ear that demonstrated regulation of Brn-4 subcellular localization also demonstrate defects in Brn4 null mutants.
The defects demonstrated in the Brn4 null animals have been observed in human patients with mutations in the human Brn4 ortholog POU3F4. These patients exhibited hypoplasia of the cochlea, an enlarged internal auditory meatus, and stapes fixation (de Kok et al., 1995a; Piussan et al., 1995) . These pathologies suggest an evolutionary conservation of Brn-4 function in mammals. Interestingly, several differences can be noted between the mouse mutant and the human patients. First, the human patients demonstrate profound sensorineural deafness, arising from the loss of spiral ganglion cells in the cochlea. Although the mutant mice showed some hearing loss, it was mild compared with that of the human patients. To date, we have not observed any signs of sensorineural deafness in young animals. A more extensive analysis of sensorineural hearing loss in older animals is complicated by the fact that the genetic background (C57BL/6J) leads to age-onset sensorineural deafness. We are currently backcrossing the Brn4 mutation onto a different genetic background (CBA/J) that does not have age-onset hearing loss (for review, see Willott, 1996) . The second difference between human and mouse mutants is found in the stapes. Stapes fixation clearly contributes to the conductive hearing loss of the patients. Although the stapes does exhibit malformations in the mutant embryos, we have yet to observe stapes fixation in dissected temporal bone preparations of transgenic mice. The differences with regard to the stapes may represent subtle differences in the size, morphology, and ontogeny of the human stapes when compared with that of the mouse.
Although defects were observed in the stapes of Brn4 null animals, Brn4 gene expression is not observed in the developing stapes (Phippard et al., 1998) , which is formed from a mesenchymal condensation event that occurs adjacent to the otic capsule. Brn4 gene expression was observed, however, in those regions of the otic capsule that lie adjacent to the developing stapes from which the oval window develops. It is essential for the footplate of the stapes to sit in an appropriate manner in the oval window. Efficient sound conduction occurs when the footplate is firmly attached to the annular ligament and can move freely. Therefore, it seems likely that inductive signals from the otic capsule are required for the proper formation of the stapes and its positioning in the oval window. Further analyses of the mutant embryos may provide insight into the mesenchymal -mesenchymal signals necessary to coordinate the formation and orientation of the stapes and the oval window.
Interestingly, we did not see malformations of the inner ear in heterozygous female animals. Because of X chromosome inactivation, one would expect the inner ears of the heterozygous females to comprise a mosaic of cells with one-half expressing the functional Brn4 allele and the other half expressing the knock-out allele. The anatomy of the temporal bones of heterozygous females was qualitatively unaffected. Also, all quantitative analyses examined, such as size of the superior semicircular canal and the number of cochlear turns, were identical to that of wild-type animals. One possible explanation is that cells that do not express the Brn4 gene are regulated by those neighboring cells that express a functional Brn4 allele. Alternatively, regulatory mechanisms within the cells that contain the null Brn4 allele may have induced the expression of the Brn4 gene on the inactive X chromosome. Additional studies will be required to distinguish these hypotheses.
Despite the widespread expression of Brn-4 throughout the neural tube, we have not observed any defects in the development or function of the CNS (D. Phippard and E. B. Crenshaw III, unpublished observations). A likely explanation for this observation is that other POU-domain factors, including closely related members of the POU-domain subclass III, are also expressed widely in the neural tube, suggesting functional redundancy of these genes during neural tube ontogeny. All members of this subclass are broadly expressed throughout the neural tube during embryogenesis but show restricted domains of expression in late fetal and adult animals (He et al., 1989) . As seen in the Brn4 Figure 10 . Schematic illustration of development of the cochlea. A-C, The formation of the coiled form of the cochlea during embryogenesis is depicted. These schematics illustrate the morphogenetic changes in the epithelial sac that is derived from the otic vesicle. The illustrated morphogenetic movements all occur within the surrounding condensed mesenchyme of the otic capsule, which expresses the Brn4 gene. A, Formation of the cochlea is initiated by a tubular outgrowth of the pars inferior (ventral region) of the otic vesicle. B, Further extension of this tubular outgrowth gives rise to the cochlear duct. C, The cochlear duct coils progressively during development to give rise ultimately to one and three-fourth turns in the mouse, whereas the adjacent region of the otic just superior to the cochlea becomes the saccule (Sher, 1971; Morsli et al., 1998) . The cochlear duct is the anlage of the middle fluid-filled sound-conducting chamber in the cochlea, referred to as the scala media. D-F, The mesenchymal remodeling of the otic capsule that gives rise to the two additional sound conduction compartments in the cochlea, the scala vestibuli and the scala tympani, is depicted. These panels depict a cross section through the cochlear duct. D, When the cochlear duct is initially formed, it is surrounded by the condensed mesenchyme of the otic capsule. E, The scala tympani and the scala vestibuli are formed by cavitation of the otic capsule. A time point during which these compartments are cavitating but are still filled with trabeculae of mesenchymal material is depicted in E. F, I llustration of the adult cochlea depicts the f ully formed scala vestibuli and scala tympani. Both of these structures exhibit defects in the Brn4 mutant animals. This figure was schematized on the basis of figures found in Langman (1982) and modified to reflect mouse development more accurately. mutants, the targeted disruption of the POU-domain subclass III members Brn2/Pou3f2 and Tst1/Pou3f3 demonstrated rather restricted phenotypes in comparison with their broad domains of expression (Nakai et al., 1995; Schonemann et al., 1995; Bermingham et al., 1996) . In fact, the defects in targeted disruptions of this subclass tended to be restricted to the regions of the CNS in which they showed expression patterns unique from that of other subclass members. For example, the targeted disruption of the Tst1 gene demonstrated defects in glial cells and the LOTN region of the brainstem (Bermingham et al., 1996) . Additionally, the defects tended to occur in cells in which the POU-domain gene was expressed in late fetal and adult stages. For example, the defects in the Brn2 mutants resulted in malformations of the hypothalamic nuclei that express the Brn2 gene in the adult (Nakai et al., 1995; Schonemann et al., 1995) . In toto, these data strongly suggest that POU-domain factors are f unctionally redundant during neural tube development.
In conclusion, the absence of Brn-4 expression seems to affect three different properties of otic mesenchyme: (1) mesenchymal remodeling that is necessary to generate structures such as the scala tympani, (2) epithelial -mesenchymal interactions that are required to form the cochlear coils, and (3) mesenchymal-mesenchymal interactions that are necessary for the coordinated formation of the oval window and the stapes. The Brn4 gene is a useful marker gene for the formation of the otic mesenchyme, as well as a critical factor in pattern formation of the developing inner ear. Further analyses of the underlying processes that regulate the Brn4 gene as well as its role during inner ear development will provide insight into the molecular mechanisms of inner ear ontogeny.
